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Cyclic Machine Scheduling with Tool
Transportation — Additional Calculations

C.M.H. Kuijpers

Abstract
In the PhD Thesis of Kuijpers a cyclic machine scheduling problem with tool trans-
portation is considered. For the problem with two machines, it is shown that there
always exists an optimal schedule with a certain structure. This is done by means of
an elaborate case study. For a number of cases some calculations are only sketched
in the thesis, but not explicitly given. This paper contains a complete elaboration
of the calculations that are not explicitly given in the thesis.
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1 Introduction

In Kuijpers[1] a certain machine scheduling problem is examined. Most results con-
cern the problem for two machines. For this two-machine problem, it turns out that
there always exists an optimal schedule with certain structure properties. The proof of
this result can be found in Chapter 5 and Appendix A of [1]. On the last four pages
of Appendix A some calculations are described, but not explicitly given. A complete
elaboration of these calculations is given below.

(For the definitions of the used variables, see Kuijpers[1].)

We prove that for every pair j% j € Ui:l(Pa U Qq) we have that I(5*) + I1(j) < cin
all of the following cases:

Case 2(b) I(j*) > p;- + 3dand II(j) < p; + 3d + 6(j), (1)
Case2(c) I(j") < pj- +3dand I1(j) > p; + 3d + 6(j), (2)
Case 2(d) I(j*) > p;» + 3dand II(j) > p; + 3d + 6(j). (3)

For proving this we have the following formulas at our disposal (see [ 1]).

General formulas
I(j*) € pj- +2kd +d,p;- +2(k+1)d+d) 4)

II(j) € [p; +2L;,d +d + 6(j),p; + 2(l; + V)d + d + 6(5)). (5)



3

c= UP)+ Y UQu).

a=1 a=1

b3 ifj € Qrand T7(4) > b(P3)' +d,
0 otherwise.

{ 8y ifj € Qrand T?(4) > b(Py)! +d,
6(7) =

6(j) < 2d.

(P)z2d  (a=1,2,3).

Q) =2 (a=1,23).
2d(| L] +1) > p;.
2d J
If 5™ is the first task of Q; or QQ;:
1(*) = pj- + 2kd + d.
IfI1(5*) > pj- + 3d:

k>0
pj- = 2d.

IfI(5*) > p;» + 3dand j* € P, (a = 1,2, 3):

U(P,] < 5*) > 2kd + 6,.

WPl > 7"} + l(Qa) + l(Pa®3l) > 2d(k + L%J)

1 1 1 1
P < SUPa) + 5UQa) + SUPaga1) — 2kd +d = Zba.

2

(6)

N

®

€))

10)

an

12)

(13)
(14)

(15)

(16)

an

If I{(j*) > pj- + 3d,j* € P, and j* is not the last task of P, (a = 1,2, 3):

WPy > 5%) > 2d(k + |1 22 )
2d
HI(*) > pj- +3dand j* € Qo (a =1,2,3):

UP,) + 1(Qa| < §%) 2 2kd + &,.

HQal > 7%) + U Pagy1) > 2d(k + L%J)-

1

1 1 1,
Py < SUPa) + 5UQa) + SH(Pagur) — 2kd +d — S8,

2

(18)

19)

(20

2D



If I(3*) > pj= + 3d, j* € Qa(a = 1,2,3) and j7* is not the first task of

Q. (a=1,2,3):
1 1 1 1
pj- < El(Pa) + El(Qa) + El(PaG%l) — 2kd - §éa-

IfII(3) > p; +3d+ 6(j):

l]' >0
Jj is not the last task of P, (@ = 1,2, 3)

fII(j) > p; +3d+6(j)andj € P, (a =1,2,3):
I(P,] > J) > 2l;d.

UPagez) + (Queu2) + (Pal < ) 2 2d(L; + [ 22] +1).

1 1 1
p; < El(PaGBaQ) + El(Qa@ﬂ) + EZ(PG) - 2ljd.
IfII(5) > p; +3d+6(j)andj € Qs (a=1,2):

UQal > ) + U Pagy1) > 2;d + 6(5).

UPL) +1(Qal < J) 2 24 + | Z2] + 1.

1 1 1 1 .
pi < 5U(Pa) + SHQa) + 5UPags1) — 20;d — 5507).
If II(j) > p; + 3d + 6(j) and j € Qs:
Q3| > j) +U(P1) = 21;d + 2d + 8(7).

UPy) +1(Qs] < ) 2 2dll; + [ 22)).

1 1 1 1.
p; < 51(1’3) + El(Qa) + '?:Z(P1> —2ld - 55(3)-

2 Calculations

21 j*e€PyjePa(a=1,23)
2.1.1 Case 2(b)

=]

(1)(4)
<

I(5*Y + II(j) pj+ + pj + 2kd + 6d + 6(j)

D i +p; + 2kd + 6d

P21 op. + 2kd+6d

(22)

(23)
(24)

(25)

(26)

@n

(28)
(29)

(30)

€)Y)
(32)

(33)
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<
. . (1)@
1(5%) + 11(5) <
)

(15),6. >0
<

JIEPLIT <]
<

©

(9)(10)
<

>

. , (1)(4
I(57) + 11(3) <
@
(16)
<

F5IEPL;IT>]
<

(14)
<

®

(9)(10)
<

2.1.2 Case 2(c)
=]

, L@
IG) + 1) <

l(Pa) + l(Qa) + l(Paeial) — 2kd + 8d

HPa)+ Qo) + I Pags1) + 6d
¢ = l{Pagy2) — UQaga1) — UQag,2) + 6d

C.

P +pj + 2kd + 6d + 6(5)
pj- +p; + 2kd + 6d

Py +pj +U(Fa] < J7) +6d

{(P,) +6d
3
¢ = U(Pagy1) — l(Pagy2) — Y U(Qa) + 6d
a=1
¢ — 4d.

pj~ + p; + 2kd + 6d + 6(5)
pj» +p; + 2kd + 64

P + 05 +U(Fal > 57) + 1(Qa) + U(FPag.1) -

2d[%j +6d

U(Pa) + UQa) + U Pas1) — 241 B2 ) + 6
l(Pa) + l(Qa) + l(Paeaal) +4d
¢ Z(Paﬂhz) - Z(Qafﬂal) - I(QG@32) +4d

c— 2d.

pj- +pj + 2l;d + 6d + 6())
P +p; + 2[jd + 6d
2])]' + ZZ]d + 6d



2.1.3 Case 2(d)
it =i

1(5%) + 11(j)

(27)
< l(PaéBﬂ)+l(Qa$32)+l(Pa)—2ljd+6d
(23)
<

l(Pa@3g) + l(Qa@ag) + l(Pa) + 4d

Qo UPiey1) ~ HQa) ~ UQaps1) +4d
®)(10)
< c—2d.
2)(5) .
< Py +p; + 2;d + 6d + 6(j)
(;) Dj* ;ij +21jd-|-6d
(25) .
< pj +p; +U{FPal > j) +6d
| 5JEPuig™ <
P (R +6d
3
© ¢ = U(Pagat) = (Pagy2) ~ > 1(Qa) + 6d
a=1
(9)(10)
< c— 4d.
(2)(5) .
< pj- +pj +2l,d 4+ 6d +6(j)
Q  p.4pi+2,d+6d
(26) )
< pi» + 05 + U Pagy2) + HQugy2) + 1(Fal <J) -
Dj
d(|Z2 | +1) +6d
2d(| 551+ 1)+
JNGEPL T > ,
7 UPagad) + UQag2) + U(P) — 24| F2] + 4d
p; >0
< l(PaGBﬂ) + l(Qd@ﬂ) + l(Pa) +4d
©® ¢ = U(Pags1) — UQa) — UQuag,1) + 4d
(9)(10)
< c—2d.
(4)(5)
< pj +pj + 2kd + 21;d + 6d + 6(j)
™

= pj~ +p; + 2kd + 21;d + 6d
27 9p +2kd + 2Ld + 6d



P> ) — 24| P | 4 ad
pj- + ( a'>]) 2 L2dJ+2J + 6d

(26)

< 2 + (P > ) — 2dL%J + U(Paga2) + U Qaoy2) +
I(P,] < 7) —2d([%j +1)+6d
P .
TIEETE i 4 U(B) + UPass2) + U(Qusa) — 44| B ] + 4d
(11) Dj*
< UP.) + (Pagy2) + (Qaga2) = 24| B | + 6d
(19)
< UP,) + (Pog,2) + 1(Qag,2) + 4d
6
D e UPapar) — UQu) - UQager) + 4d
(9)(10)
< c— 2d.
it <
. , @)(5) ,
I(G*) + II(5) < pj- + pj + 2kd + 21;d + 6d + 6(3)
D i+, +2kd+20d + 6d
(15),6.>0
< Pi= +p; + (P < §*) +2l;d + 6d
(25)
< pj- + 5 + U(Pa| <3%) +U{Pa] > j) +6d
JNIEPLIT<T
< I(P,) + 6d
3
0)
2 e UPagy) — UPass) — 3 U(Qu) ~ 6d
a=1
(9)(10)
< c— 4d.
>
. _ “4)() ,
I(7*) + 11(5) < i~ + pj + 2kd + 21;d + 6d + 6(75)
2 Pj- + p; + 2kd + 20;d + 6d
(16) % Dy~
< Dy -%-p]‘-f-l(Pmi > g )+Z(Qa)+l(Pa®3l)—2dl_'2_d_J +
20;d + 6d
(26) . ps-
S Dj+ +pj+l(Pa| >3 )+Z(Qa)+l(Pa®3l)-2dL’2’EJ +
U(Pasy2) + U(Qaena) + U(Pal < J) = 2d(122 1 +1) + 6d
JNIEPLGIT >
< l(Pa) + Z(Qa) + l(Pa@al) + l(Paﬂ9a2) + Z(Qa®32)



pj- P
-2d| 25| - 2d| L) +4d

(14),p; >0
< l(Pa)+l(Qa)+l(Pa$31)+Z(Pa@32)+l(Qa$32) +2d
6
© ¢~ 1(Qagn) + 2d
(10)
< c.

22 j*€PajePy(abe{1,2,3},a#b)
2.2.1 Case2(b)

, ‘ mE@ .
1)+ 11(7) < pj +pj + 2kd + 6d + 6(5)
@ pj- +pj + 2kd + 6d
(15),6.20
< pj- +p;+1(Fa] <j*)+6d
JTEP, JEP,
< I(P,) +1(P) +6d

. 3
@2 ST UP) - S UQu) +6d

i#a,b a=1
(9)(10)
< c—2d.
2.2.2 Case 2(c)
. L @ ,
I(*) + I1(j) < pj- +p; + 20;d + 6d + 6(5)
(;) Dj* +pj+2l]d+6d
25) _
< pje +p; + 1P| > j) +6d
J"E€P. jEP,
< UP,) 4+ U(P) +6d

3
@22 oo TPy -3 UQa) + 6d
a=1

iZa,b
(9)(10)
< c—2d.
2.2.3 Case2(d)
. , @(5) _

I(5™) + 11(3) < pj- + pj + 2kd + 20;d + 6d + 6(j)

@ pj- + p; + 2kd + 2l;d + 6d
(15).8,>0

< pi- +pj + U Pal <3%) +2ld +6d
(25)
< pje +pj + W Pa| < 3°) +1(P| > j) + 6d



(P, + U(P,) + 6d
3

L S UP) - Y UQa) + 6

i#a,b a=1
(9)(10)
< ¢ — 2d.
23 j7€PajcQulac{1,2,3},bec{a,acesl}
2.3.1 Case 2(b)

) (1)(4) )
I(5%) + 11(j) < pj- +pj + 2kd + 6d + 5(5)
)]
< P +p; + 2kd + 8d
(15).,6.,. 20
< pj:+pj+l(Pa|<j*)+8d
j"€P.,jEQ
< UFPo) + 1{Qb) + 8d
(6)
= ¢~ U Pags1) — U Pags2) — UQbs1) — {Qbas2) + 8d
(9)(10)
= C.
2.3.2 Case2(c)
Y . (2)(5) .
I(5%) + 11(3) < P~ +pj + 20;d + 6d + 5())
(28)/(31) .
< pi» + 05 + Qs > 7) + 1 Pogy1) + 6d
JTEP.JEQ
< l(Pa)+l(Qb)+l(Pb@31)+6d
(6),be{a,adpsl
el o ST UP) - Qo) — U@beaz) + 6d
i#a,bdpyl
(9)(10)
< C.
2.3.3 Case 2(d)
” . (4)(5) )
I(™) + 11(5) < pjr +pj + 2kd + 21;d + 6d + 6(j)
(15),6,>0
< pj +pj + WPl < 7%) + 2ld + 6d + 6(4)
(28)/(31) . _
< pj- +pj +UPa| <J%) +UQs| > J) + U Pog,1) + 6d
JTEP.JEQ
< I(P,) + 1(Qu) + I(Pygy1) + 6d

(6),bc{a.adsl
wadal} E UP;) = {Qrgs1) — H{Qbey2) + 6d
i#a,b®sl
(9)(10)
<



24 j*€P,,jic Ques2(a=1,23)

2.4.1 Case2(b)

. _ (1))
1(G*) +11(3)

CRA

=
5

IANR IAB A
v
(=

5" €Pu,JEQuas2

o~
2

fh

A

2

IAND
(=]

e

2.4.2 Case 2(c)

a=1

. , (2)(5)
I(5*) + I1(3) <

83

NS
B

JTEP1,JEQs
<

p; >0
<

(6)

(9(10)
<

(2)(5)
<
(8)
<
(29)

7" €Pu,JEQupy2
<

p;i >0
<

(©)
00

Py + 15 + 2kd + 6d + 6(j)

Pi- +p; + 2kd + 8d

pje +p; HU(Fa| < 7))+ 8d

I(Pa) + U(Qama2) + 84

¢ — U(Pagy1) — {Fagy2) — (Qa) — l(Qaps1) + 8d

C.

Pi- + Py +2ljd+6d+5(j)
P~ +p; +2l,d+6d

Py + s + U(Po) + 1(Qs] < 5) — 24| 2] + 6d
U(Py) + 1(Ps) + 1(Qs) — 2d| Z4] + 6d
l(Pl) + l(Pg) -+ l(Qg) + 6d

c—UP2) = UQ1) — UQ2) + 6d

C.

pj- +p;j + 2l;d +6d + 6(7)

pj- +pj + 2;d + 8d

. Pi
Dj- +pj + Z(Pa®32) + Z(Qa®32| < .7) - 2d('f2'(ijj + 1) + 8d
UPa) + UPas2) + UQusys) — 24 22) + 6

[(Fo) + l(Pag2) + 1(Qaga2) + 6d
(2 I(Paébal) - I(Qa) - Z(Qaeﬂzl) + 6d

C.



2.4.3 Case 2(d)

a=1
. , (4)(5) .
I + II(5) < P+ pj + 2kd + 20;d + 6d + 6(4)
D i +p; +2kd + 20;d + 6d
(15),6, >0
< pje +p; P < %)+ 2l;d+6d
(32) . . .
< pj- +pj FUP] <] )+1(P3)+1(Q3|<y)—2d{é—jij+6d
JTEP,JEQs P;
< P+ 1(Ps) + 1(Q3) - 2d| 5 ] +6d
p;i>0
< L(Py) + I(P3) +1(Q3) + 6d
6
© e UP) - Q1) - UQ2) +6d
(9)(10)
< C.
a=2,3
. _ @) ,
1(5%) + 11(5) < Pj- + p; + 2kd + 2;d + 6d + 8(5)
®)
< P +p; + 2kd + 21;d + 8d
(15),6, >0
< P +p; + U(Pa| < %) +20;d + 8d
(29)
S Dj- +pj+l(Pal<j*)+l(Pﬂ@32)+l(Qn,éB32|<j)—

2d(L%J +1)+8d

JT€P.,jEQuwy2
<

UPs) +1(Pag,2) +(Queu) = 24|22 ] + 6

p; >0

< Z<Pu) + Z(Pa@ﬂ) + I(Qa€932) + 6d

6

@ ¢ = U(Pagy1) = U(Qa) = UQapy1) + 6d
(9)(10)

< c.

25 j*€QajePa(a=1,2,3)
2.5.1 Case 2(b)

(1)(4)
I(5") + 11 (5) < P~ +pj + 2kd + 6d + 6(5)
@ pj- +p; + 2kd + 6d
(20) . L e Py
< P]‘+pj+ (Qa| >7 )+Z(Pa@ul)—2dLﬂJ + 6d

10



J €Qu,JEP, Px
U(Pa) +1(Qa) + U Pag1) — 2 2] + 6

(14)
< WP+ Q) + l(Pag,1) +4d
6
C o UPigs2) — UQus1) — UQuwy2) +4d
(9)(10)
< c - 2d.
2.5.2 Case2(c)
. 4 (2)(5) ,
I(5*) + 1I(35) < pj- +pj +2l;d + 6d+ 5(;)
o pj- + pj + 2L;d + 6d
(25)
< Dj= +pj+l(Pa] >j)+6d
" €Qu,JEPa
TERYE B + 1(Qa) + 6d
©  UPuga)) - UPagy2) ~ UQuaga1) — [(Qumy2) + 6d
(9)(10)
< ¢ — 2d.
253 Case 2(d)
. , @)(5) .
1(G7) + 11(5) < Pi- +pj + 2kd + 20;d + 6d + 5(5)
o Ppi- +pj + 2kd + 2L;d + 6d
(20) ” pj
< Dj- +pj+l(Qal > 7Y 4+ U Pags1) _thﬁj +
20;d + 6d
(25) - pj
< pj + i+ UQal > %) + U(Pogar) — 2d|5 71 +
[(P,] > j)+6d
j"€Qa . JEP, e
P UP) +1Qa) + U Pag) — 2d( B+ 6d
(14)
S l(Pa)+l(Qa)+l(Pa@3l)+4d
6
Qo UPug2) ~ UQues1) ~ [(Qui2) +4d
9)(10)
< ¢ — 2d.

26 j*€Qaj€Paga1(a=1,2,3)
2.6.1 Case 2(b)

I(5%) + II(5) < P + p; + 2kd + 6d + 6(5)

11



@ i+ + p; + 2kd + 6d
(19},6,>0 ‘
< pj- +p; +UFPa) +1(Qal < 5*) + 6d

J"€Qa,j€Pugy1
< UP) 4+ UQa) + U(Pawy1) + 6d

(6)
= ¢ = UPogy2) — UQugs1) ~ U(Qagu2) + 6d
©00)
< c.
2.6.2 Case 2(c)
. , @)() ) ,
I(G™) + 11(5) < P +pj + 2L;d + 6d + 8(5)
o Py +p; + 20;d + 6d
(25) ,
< pje +pj + U Pags1| > J) + 6d

J"€QujEPupst
<

Z(Qa) + l(Pa@sl) + 6d

6
D e UP) ~ UPass2) ~ UQasa1) — Qusyz) + 6d
(9)(10)
< ¢ - 2d.
2.6.3 Case 2(d)
- . (4){5) .
I(5*)+1I(5) < Pj + pj + 2kd + 21;d + 6d + 6(5)
@ pj- + pj + 2kd + 2l;d + 6d
(19),6.>0
< P+ +p5 +U(Pe) + 1(Qa] < 7%) + 2l;d + 6d
(25) sk .
< pir + i + P + U Qal < 5°) + U Paga1| > ) + 6d

j‘EQijRL@al
< I(Pa) + 1{Qa) + { Pagy1) + 6d

6

@ ¢ = UPagsa) — UQasn1) ~ [(Qagaz) + 6
(9)(10)

< c.

27 " €Qa,j€Pag,2(a=1,2,3)
2.7.1 Case 2(b)

1(37) + 11(5) < pj- +p; + 2kd + 6d + 6(7)
2 pj- + p; + 2kd + 6d
(19),6.20
< Pj- +p; +U(Pa) + {{Qu| < j7) +6d

12



i €Qu,JEPugy2
< UP,) + Qo) ~ (Pagy2) + 6d

6
@ = U(Poas1) — HQags1) — {Qags2) + 6d
(9)(10)
< c.
2.7.2 Case 2(c)
» . (2)(5) .
I(*) + 11(j) < pj- +pj + 20;d + 6d + 8(5)
@ Py +p;+20;d + 6d
(25) - ,
< pj= +p; + U Pagya| > j) + 6d
J"€Qu,JEPumy2
< Qo) + I(Pags2) + 6d
6
@ L UP) - UPasa1) — UQass1) — [(Quay2) + 6d
(9)(10)
< c— 2d.
2.7.3 Case 2(d)
. , (4)(3) 4
1(7) + 11(5) < Py + pj + 2kd + 20;d + 6d + 6(3)
@ pj- + pj + 2kd + 20;d + 6d
(20) . pi-
< Pj- +pj+l(Qa| > )+I(Pa®al)"2dt'é’d—
+21;d + 6d
(25) N pj-
< P + 05+ UQal > 7) + U(Pagu1) — 2d| 5 7] +

l(Pag,2| > j) + 6d
7 €Qu,J€Pugy2

‘ Pj-
< UQa) + UPugr) = U(Passe) — 24| 2] + 6
(14)
< Qo)+ UFags1) + l(Pagy2) +4d
@ ¢ —1(Pa) = U Qawa1) — H{Quay2) + 4d
(9)(10)
< c—2d.

28 j*€Qaj€Qa(a=1,23)
2.8.1 Case2(b)
j*=j Ifsy*isnotatask of @ or Qz:

(1)(4)
IGHY+1I()) < Pj- + pj + 2kd + 6d + 6(7)

@ pj- +pj + 2kd + 6d

13



TZT 9ps. +2kd+6d

(21),6, >0
<TOUP) + UQa) + HPagar) — 2kd + 84

(13)
< U{P,) + Qo) + [(Pagy1) + 6d

© e UPagr) — UQasy1) ~ L Qagy2) + 6d
(9)(10)
< C.

If 5* is the first task of @3 or Q2 :

(1)(12)
1(7%) + 11{3) < pj- Fp; + 2kd + 4d + 6(3)

(8
< pj» +pj + 2kd + 6d

TZ opi. +2kd +6d

(21),6,2>
25 WP + U(Qu) + U(Pagyy) — 2kd + 8d
(13)
< UP) +UQa) + U(Pagyn) + 6d
Qe UPuss2) - UQass1) — [(Qaey2) + 6d
(9)(10)
< C.

If 7* is a task of Q1 or (23, but not the first task of Q1 or Qs:

(1))
I(7*Y+II(5) < pj~ + pj + 2kd + 6d + 6(j)
(8)
< Py~ +p; + 2kd + 8d

TZ op. 4 2kd + 8d

(22).6,>0
< WP + UQa) + U(Pag,1) — 2kd + 8d
(13)
< H(Pa) + UQa) + I(Pagy1) + 6d
6
Y UPapz) — UQa1) — Qusy2) + 6d
(9)(10)
< c.
<]
. . (1)(4) ,
I(G*Y + 11(5) < pj» +p; + 2kd + 6d + 6(5)
(%)
< pj- +p; + 2kd + 8d
(19),6,>0
< pj +pj + UP) + 1(Qal < 3*) +8d
JIERQL:IT<Y
< UPy) +1(Qu) + 8d
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= C_I(Pa®31) _I(Pa®32) _I(Qa®31) - l(Qa@32)+8d

< c.

Py + p; + 2kd + 6d + 6(3)

< pj- +p; + 2kd + 8d
@ -+ *) + I(P. d B+ 8d
< pis +p; + UQal > 7%) + l(Foge1) ~ 2 L%J +8

JNI€Qu;i™ > «
UQa) + UPagy1) — 24| B | + 8d

AR IA

l(Qa) + l(Paéle) + 6d
¢ = l(P,) = [(Pagy2) — HQags1) — {(Qag,2) + 6d
¢~ 2d.

2l
fatd

A

=
INS
(=]

e

2.8.2 Case 2(c)

4

=]

I(7*) + 1I{j) < pj- +pj + 20;d + 6d + 6(5)

ST op; + 2Ld + 6d + 6(5)
(30)/(33)
< [(Pa)+[(Qu)+l(Pa®sl)"2ljd+6d
(23)
< Z(Pa)+l(Qa)+l(Pa@3l)+4d

(g) Cc— l(Pa@32) - l(Qa@ﬂ) - I(Qa@.ﬂ) +4d

(9)(10)
<

c—2d.
i<
. A (2)(5) A
I(5*) + I1(5) < pj- +p; +20;d +6d + 6(5)
(28)/(31) .
< P +0; +UQal > J) + U(Pagy1) + 6d
(Qu) + {Pag,1) +6d
c— l(Pa) - Z(PaEBa?) - Z(QaGBal) - Z(Qaﬂ-)-ﬂ) + 6d
c—2d.

7I€QuwI <

_
= IA

,\
L
IN2
=



>]

(2)(5)
I(G*) + 1I(j) < pj- +pj + 20;d + 6d + 6(5)
(8)
< pi* +pj + 2l;d + 8d
(29)/(32) , P
< Pi- +pj + U(Pa) + Q] <J)—2d[%J +8d
NIE€Qa:i™ >3 :
T P+ 1(Qa) - 2dL§—2J +8d
p; >0
< W(Fa) +{(Qa) +8d
6
€~ UPig) ~ UPagy2) ~ UQags1) ~ UQag,2) + 8d
(9)(10)
< c.
2.8.3 Case2(d)
i =
a=12
. _ 4)(5) _
I(3%) + I11(j) < pj +p; + 2kd + 20;d + 6d + 6(5)
(8)
< Dj- +p; +2kd +21;d + 8d
TZ9 ops. 4+ 2kd + 2ld + 8d
(20) =
< 2 +UQl > 57 + U(Pagat) — 241 B ) + 24+ 8d
(29) .
< 2p +UQl > 57) + U(Pag) — 24 5] + UPL) +
UQal < 3) = 2d(1 5] +1) + 8d
JIEQuiiT =] -
£ WP+ UQa) + UPagit) + 1y — 442 ] 4 6d
(11)(14)
< UP) + UQa) + U Pags1) + 6d
{
2 U(Paps)  UQuss1) — UQuis2) + 64
(9)(10)
< c.
a=3
. . (4)(5) .
1(5*) + 11(3) < pj- +pj + 2kd + 20;d + 6d + 5(5)

o Dje +pj + 2kd + 21;d + 6d
T2 2p. +2kd + 2l;d + 6d
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JIEQsT =7
<

(11)(14)

2 A

i

A
L
IND
A

im <

4

s

5)
I(77) + 11(5)

o A

(19),6,>0

IA

(28)/
<

31)

“
[y
m
O
S
f
A
Sl

A
2 IANE

A
L
IND
=

i">j
(4)(5)
<

(8)
<

(20)
<

I(G") + 11(7)

(29)/(32)
<

JI€EQuii™>]
<

(14),p; >0

e Nz

A
x
IND
=

=

2pse +U(Qs] > 57) + U(P)) — 2dL%J +20;d + 6d

20 +UQa| > J) +U(P1) = 24| 22|+ 1(Py)

+1(Qal < ) - 2d| 2] + 6d
UPy) +U(Qa) + UPy) +p;- — 4d| ] + 6d

UPs) + 1{Q3) + L(Py) + 6d
c—U(P) = 1(Q1) — 1{Q2) + 6d

C.

pj +p; + 2kd + 2L;d + 6d + 5(5)
pjr +p; + W) + H(Qal < J%) + 2l;d +6d + 6(7)
pjr +pj + UFPa) + {Qal < J%) + HQa| > ) + l(Pag,1) + 6d

l(Pa) + l(Qa) + l(PaGazl) + 6d
c— l(PaeBaz) - Z(Qa@sl) - Z(Qafﬁﬂ) +6d

C.

pi- +pj + 2kd + Qde-I- 6d + (5(])

Py +p; + 2kd + 21l;d + 8d

P+ +UQai > 5°) + UPagyr) — 2d| 2| + 2, + 8

Dj-

+(Qa) < j) - 2dL%J +8d

95+ UQal > 57) + UPagar) — 241 2] + 1(Pa)

U(Py) + UQa) + UPagy) — 24| 22

p;
2dj—2d[§§j+8d

Z(Pa) + I(Qa) + l(PaGle) + 6d
¢ = (Pagy2) — UQaws1) — H(Qagy2) + 6d

C.
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2.9 j* & Qa,j S Qa@al (a = 1,2,3)
2.9.1 Case 2(b)

1)(4
I(7%) + I1(5) (<) P« +pj + 2kd + 6d + 6(j)
(8)
< pi- + pj + 2kd 4 8d
(20) ¥ Pj-
< Py +pi + UQal > J%) + U(Pagy1) — 2d[5 7| + 8d
77 €Qu,i€Ques1 P
< {Qa) + l{Pag,1) + {Qugs1) —QdL—z—d-J + 8d
(14) .
S I(Qa) + l(Pa@:xl) + Z(Qaﬁiul) + 6d
6
(:) c— Z(Pa) - Z(Pa@ﬂ) - l(Qa(BaZ) + 6d
(9)(10)
< C.
2.9.2 Case 2(c)
. ) (2)(5) .
I(57)y+11(j) < pj-+pj+2ljd+6d+5(j)
(28)/(31) .
< pi- +p; + l(Qa$31| > _7) -+ l(Pa$32) + 6d

7 €Qu.JEQuay1
< l(Qa) + l(Qa@al) + Z(Pa€332) + 6d

e ¢~ U(Pa) — U FPags1) — UQaws2) + 6d
(9)(10)
< c.
2.9.3 Case 2(d)
. ) (4)(5) .
I(*) +11(3) < pjr +pj + 2kd + 20;d + 6d + 8(5)
(20) .
< pj- +p; + Q] >j*)+l(Pae31)—2dL%J + 20;d +
6d + 6(4)
(28)/(31) . Dse
< pir +pj + UQal > J7) + H{Pags1) — 2dL21—dJ +

l(Qﬂ@all > .7) + Z(Pa@:ﬂ) +6d
JTEQu,IEQuay

< UQu) + U Pagn) + HQawnr) + U Pags2) — 241 5] + 6
(14)
S l(Qa)+Z(Pa®31)+l(Qu@31)+l(Pa6:‘132)+4d
2 ¢~ 1(Pa) ~ (Qugy2) +4d
(9)(10)
< c



210 j* €Qa,j€ Quayz(@a=1,2,3)
2.10.1 Case 2(b)

. . (1)(4) .
I(GY+1I(5) < P~ + p; + 2kd + 6d + 6(5)
(8)
< pj~ +pj + 2kd + 8d
(2<0) % p]‘.
> Pj- +p]'+l(Qa, > )+1(Pa®3l)_2d|_§J +3d
j.EQtHjEQtl@g? p],
< HQa) + l{(Paps1) + H{Qagy2) — 2‘“%] + 8d
(14) ’
< Z(Qa) +l(PaéB31)+l(Qa@32) + 6d
@ ¢~ U(Pa) ~ U Pagy2) = (Qusy1) + 6d
(9)(10)
< c.
2.10.2 Case 2(c)
a=1
. , @) _
I(5*Y+ II(j) < pj- +pj +20;d 4+ 6d + 6(5)
o pj- +p; +20;d + 6d
< pj» +p; + UPs) + Q3] <J)—2d[ﬁJ + 6d
7 €Q1,0€Qs .
< UQ) +UP) + UQs) - 2|22 + 6
p; >0
< HQ1) +U(Ps) + 1{(Q3) + 6d
6
Qe uP) - UP) - Q) + 6d
(9)(10)
< C.
a=2,3
. , (2)(5) .
I(7*) + II{j) < Py~ +p; + 20;d +6d + 8(7)
(8)
< pj- +p; +21;d + 8d
(29) . . p]
< P + 05+ U Poga2) + U Qasaz] < 1) —Zd(LﬁJ +1) + 8d
P E€Qui€Quaye ?;
< UQa) + U(Pagy2) + H{Qagy2) — QdLﬁJ + 6d
p;i>0
S Z(Qa) + l(Paeﬂ) + I(Qa@u‘l) + 6d
(6)

= C—Z(Pa)—l(Pa@ul)_l(Qatﬁal)+6d
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(9)(10)
<

2.10.3 Case 2(d)

a=1

z
A=
w
G

I(G*) + 11(j)

—~
2

—

INS
2

(32)
<

JT€Q1,7EW:
<

pj- +p; + 2kd + 20;d + 6d + 6(5)

pie +pj +UQ1] > 57) +U(Py) — zd[%J +20;d + 6d

i +p; + UQul > %) + U(Py) - QdL%J FUPs) +
UQsl < 5) —2d[ 2] + 6d

UQ1) + UP2) + UPs) +1(Qs) — 2| 2] — 24| 22 ] + 6
Q1) + U(P) + U(P3) + 1(Q3) + 4d

c—U(P) - 1(Qs) + 4d

C.

pj- +p; + 2kd + 20;d + 6d + 6(5)
p]" +p] + de + 2l]d + 8d

P +P; +UQal > 5°) + UPagt) — 24| 22 | +
20;d + 8d

- Dy~
pj- +pj +UQal > 57) + U Pugs1) — ZdI.i_]

+1(Pagy2) + Qasyzl < 5) — 24(1 2] +1) + 8

JTE€Q,JEQugs2

(14),p; >0

=

A
2
INZ
o

e

l(Qa) + l(Paﬂﬁal) + l(Pa@‘.ﬂ) + l(QaGBaZ) -
Pj- Pj
zdtifgj - 2dL§idJ + 6d

l(Qa) + l(Paéle) + l(Pa®32) + Z(QGEB'JQ) + 4d
¢~ U(Py) = UQups1) + 4d

C.

20



References

[1] CM.H. Kuijpers. Cyclic Machine Scheduling with Tool Transportation. PhD the-
sis, University of Twente, Enschede, the Netherlands, 2001. To appear.

21






REPORTS RECENTLY ISSUED IN THIS SERIES!

1534.
1535.

1536.

1537.
1538.

1539.
1540.

1541.

1542,

1543.

1544.

1545.
1546.
1547.
1548.

1549.

1550.

G.F. Helminck, The AKNS-hierarchy (July 200C)

G.F. Helminck and J.W. van de Leur, Darbouz iransformations for the KP hierarchy in the
Segal- Wilson setting {July 2000)

D. Bauer, H.J. Broersma and E. Schmeichel, 1dore progress on tough graphs — The Y2K
report (August 2000)

J.C.M. Keijsper and M. Tewes, Conditions for (-perfectness (August 2000)

T.J. Yrederiks and G.J. Still, Linear bilevel problems: Genericity results and an efficient
method for computing local minima (August 20C0)

H.J. Zwart and B. Jacob, Disproof of an admissibility conjecture of Weiss (August 2000)

A.F. Bumb, An approzimation algorithm for the 2-level uncapacitated facility location prob-
lem (September 2000)

W. Kern and D. Paulusma, Matching games: the least core and the nucleolus (September
2000)

P.C. Pop, W. Kern and G.J. Still, The generalized minimum spanning tree problem (Septem-
ber 2000)

X. Li, S. Zhang and H.J. Broersma, Directed paths with few or many colors in colored directed
graphs (September 2000)

0. Stein and G.J. Still, On generalized semi-infinite optimization end bilevel optimization
(September 2000)

0.V. iftime and H.J. Zwart, J-spectral factorization and equalizing vectors (September 2000)
B. Jacob and H.J. Zwart, Disproof of two conjectures of George Weiss (September 2000)
H.J. Zwart, Sufficient conditions for admissibilicy (September 2000)

W.C.M. Kallenberg, The penalty in data driven Neyman’s tests (October 2000)

A.J. van der Schaft and J.M. Schumacher, Corpositionality issues in discrete, continuous
and hybrid systems (October 2000)

P.B. Bruns, A discounted model for a repairable system with continuous state space (October
2000)

. G. Golo, A.J. van der Schaft and C. Milosavljevié¢, Discretization of control law for a class

of variable structure control systems (November 2000)

. G.AM. Jeurnink, Algebras related to posets of hyperplanes (November 2000)
. W.R.W. Scheinhardt, Analysis of feedback fluid queues (November 2000)

. P. Coolen-Schrijner and E.A. van Doorn, On the convergence to stationarity of birth-death

processes (November 2000)

1Requests for Memoranda should be addressed to the authcr(s)



1555.

1556.

1557.
1558.

1559.
1560.

1561.

1562.
1563.
1564.

1565.

1566.

1567.

1568.
1569.
1570.

1571.
1572.

G. Golo, P.C. Breedveld, B.M. Maschke and A.J. van der Schaft, Geometric formulation of
generalized bond graph models - Part I: Generalized junction structures (November 2000)

G.F. Helminck and J.W. van de Leur, Geometric Bicklund-Darbouz transformations for the
KP hierarchy (November 2000)

G.F. Post, On the structure of graded transitive Lie algebras (November 2000)

T.S.H. Driessen and H. Meinhardt, (Average-) convezity of common pool and oligopoly TU-
games (December 2000)

W. Albers and W.C.M. Kallenberg, Estimation in Shewhart control charts (December 2000)

L.K. Hoevenaars, P.H.M. Kersten and R. Martini, Generalized WDVV equations for Fy pure
N = 2 Super-Yang-Mills theory (Decemb'er 2000)

T.S.H. Driessen, Consistency and potentials in cooperative TU-games: Sobolev’s reduced
game revived (December 2000)

C. Hoede, Basic concepts in social sciences I (December 2000)
W.R.W. Scheinhardt and B. Zwart, A tendem fluid queue with gradual input (January 2001)

C. Hoede and S. Uttunggadewa, An alternative proof of the nowhere-zero 6-flow theorem
(January 2001)

G.J. Still, Discretization in semi-infinite programming: The rate of approzimation (January
2001)

P. Brucker, J.L. Hurink and S. Knust, A polynomial algorithm for
Plp; = 1,75, outtree|SC; and Plp; = 1,7}, outtree, pmtn|EC; (January 2001)

P. Coolen-Schrijner and E.A. van Doorn, The deviation matriz of a continuous-time Markov
chain (January 2001)

C. Hoede, Basic concepts in social sciences II (February 2001)
W. Albers and W.C.M. Kallenberg, Are estimated control charts in control? (February 2001)

T.S.H. Driessen and E. Calvo, A multiplicative potential approach to solutions for cooperative
TU-games (February 2001)

T.S.H. Driessen and H. Sun, A potential approack to solutions for set games (February 2001)

T.S.H. Driessen and H. Sun, A uniform approach to semi-marginalistic values for set games
(February 2001)

. T.A. Althuis and F. G&bel, Graph theoretic aspects of music theory (February 2001)
. A.F. Bumb and W. Kern, 4 simple dual ascent algorithm for the multilevel facility location

problem (March 2001)

. A.J. van der Schaft and B.M. Maschke, Fluid dynamical systems as Hamiltonian boundary

control systems (March 2001)

. H.J. Broersma, L. Xiong and K. Yoshimoto, Toughness and hemiltonicity in k-trees (March

2001)

. P.C. Pop, W. Kern and G.J. Still, An approzimation algorithm for the generalized minimum

spanning tree problem with bounded cluster size (March 2001)

. R. Martini and G.F. Post, The norm of an averaging operator (April 2001)

. J.L. Hurink and S. Knust, Tabu search algorithms for job-shop problems with a single trans-

port robot (April 2001)



